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Cells and mice infected with arthropod-borne flaviviruses produce a small subgenomic RNA that is colinear
with the distal part of the viral 3'-untranslated region (UTR). This small subgenomic flavivirus RNA (sfRNA)
results from the incomplete degradation of the viral genome by the host 5'-3’ exonuclease XRN1. Production
of the sfRNA is important for the pathogenicity of the virus. This study not only presents a detailed description
of the yellow fever virus (YFV) sfRNA but, more importantly, describes for the first time the molecular
characteristics of the stalling site for XRN1 in the flavivirus genome. Similar to the case for West Nile virus,
the YFV sfRNA was produced by XRN1. However, in contrast to the case for other arthropod-borne flaviviruses,
not one but two sfRNAs were detected in YFV-infected mammalian cells. The smaller of these two sfRNAs was
not observed in infected mosquito cells. The larger sfRNA could also be produced in vitro by incubation with
purified XRN1. These two YFV sfRNAs formed a 5'-nested set. The 5’ ends of the YFV sfRNAs were found to
be just upstream of the previously predicted RNA pseudoknot PSK3. RNA structure probing and mutagenesis
studies provided strong evidence that this pseudoknot structure was formed and served as the molecular signal
to stall XRN1. The sequence involved in PSK3 formation was cloned into the SinrepS expression vector and
shown to direct the production of an sfRNA-like RNA. These results underscore the importance of the RNA
pseudoknot in stalling XRN1 and also demonstrate that it is the sole viral requirement for sfRNA production.

The Flavivirus genus contains nearly 80 viruses distributed
worldwide and includes important human pathogens such
as dengue virus (DENV), yellow fever virus (YFV), Japanese
encephalitis virus (JEV), West Nile virus (WNV), and tick-
borne encephalitis virus (TBEV). Phylogenetic analysis clus-
tered flaviviruses into the following three major groups, based
on the vector of transmission: (i) mosquito-borne viruses, (ii)
tick-borne viruses, and (iii) viruses with no known vector
(NKV) (13, 26).

Flaviviruses are small enveloped viruses containing a posi-
tive-sense single-stranded RNA genome of approximately 11
kb in length, with a 5" cap structure and a 3’ nonpolyadeny-
lated terminus. The genomic RNA is flanked by 5'- and 3’-
untranslated regions (UTRs) and encodes a single polyprotein
that is co- and posttranslationally processed by viral and cel-
lular proteases into three structural proteins (C, prM, and E)
and seven nonstructural proteins (NSs) (reviewed in reference
30). Apart from the viral genomic RNA and the replication-
related replicative-form and intermediate RNAs (11, 12), an
additional small flavivirus RNA (sfRNA) has been detected in
mice and both mammalian and insect cells infected with flavi-
viruses belonging to the JEV serogroup (29, 49, 56). Recently,
it was shown that production of sfRNA is not unique to JEV
and closely related viruses but that all arthropod-borne flavi-
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viruses generate an sfRNA upon infection of mammalian cells
(31, 44). The lengths of these sfRNAs vary from 0.3 kb to 0.5
kb and are related to the length of the viral 3 UTR. Surpris-
ingly, these sfRNAs are not direct products of the viral tran-
scription mechanism but result from incomplete degradation
of the viral genomic RNA by the host 5'-3" exonuclease XRNI1,
as shown for Kunjin virus (KUNV) by in vitro assays and RNA
interference (RNAIi) experiments. Although the exact role of
the sfRNA in the viral life cycle is still elusive, production of
sfRNA was shown to be essential for KUNV cytopathogenicity
in cell culture and for viral pathogenicity in infected mice (44).

XRNT1 is well conserved among eukaryotes and is the main
cytoplasmic RNase associated with 5'-3" mRNA decay that
takes place in cytoplasmic processing bodies (P bodies),
where the mRNA is decapped by the enzymes DCP1 and -2
and subsequently degraded 5’ to 3’ by XRN1 (reviewed in
references 2, 19, 21, and 50). XRNI1 acts in a processive
manner by hydrolyzing RNA with 5’-monophosphate end
groups to 5’-mononucleotides (53, 54). Based on fluores-
cence in situ hybridization (FISH) analysis of KUNV-in-
fected cells, the sfRNA was reported to colocalize with XRN1
in P bodies (44). Interestingly, the role of XRN1 in a viral life
cycle is not limited to flaviviruses. XRN1 has also been shown
to have an antiviral activity by virtue of its exonuclease activity
(18) and to act as a potent suppressor of viral RNA recombi-
nation in viruses such as tomato bushy stunt virus (10). Studies
have shown that XRNI1 can be blocked to some degree by
elements such as a poly(G) tract sequence or large, stable
RNA stem-loop structures (15, 38, 58). The 3" UTR of the
mosquito-borne flaviviruses is predicted to fold into a highly
complex structure involving well-conserved RNA sequences as
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well as strong secondary structures, such as the long 3’ stem-
loop (3’ SL) and one or two dumbbell-like RNA structures (22,
41; for a review, see reference 32). In addition, several RNA
pseudoknots are predicted within the mosquito-borne flavivi-
rus 3' UTR (41, 51). Sequence alignments and computer-aided
folding of several flavivirus 3’ UTRs indicated that the pro-
duction of sfRNA most likely results from the stalling of XRN1
at a conserved RNA stem-loop structure designated SL-II.
Deletions in the KUNV 3’ UTR that include SL-II abolished
the production of KUNV sfRNA (44).

To determine the involvement of the flavivirus 3" UTR SL-1I
structure in sSfRNA generation, we performed a detailed anal-
ysis of sfRNA production in YFV-infected cells and mapped
the XRNT1 stalling site by using site-directed mutagenesis of a
YFV-17D infectious clone and RNA structure probing. From
our data, we concluded that YFV infection of mammalian cells
results in the XRN1-mediated production of two sfRNAs that
form a 5'-nested set. More importantly, we demonstrated that
an RNA pseudoknot involving the YFV equivalent of SL-II is
required for stalling of XRN1 and therefore crucial for the
generation of the flavivirus sfRNAs.

MATERIALS AND METHODS

Cell culture. The origin and culture conditions of the BHK-21J, Vero E6, and
SW13 cells used in this study have been described before (7, 52). C6/36 cells (23)
were obtained from the ATCC and grown in Eagle’s minimal essential medium
(EMEM) supplemented with 8% fetal calf serum (Bodinco, Netherlands) and
5% nonessential amino acids.

Recombinant DNA techniques and plasmid construction. Unless explained in
more detail, standard nucleic acid methodologies were used (3, 48). Chemically
competent Escherichia coli DH5« cells (24) were used for cloning. YFV-17D
nucleotide numbering was according to Rice et al. (47) (GenBank accession no.
X03700).

Plasmid pBIlsreptSK-YFVgys_10s61 (R. Molenkamp et al., unpublished data),
which contains the complete 3" UTR of YFV-17D, was used as a template for
site-directed mutagenesis using the QuikChange strategy (Stratagene) to intro-
duce mutations into the sequences of stem-loop E (SL-E) or in the nucleotides
predicted to be involved in the formation of RNA pseudoknot 3 (PSK3) (41).
After sequencing to verify the presence of the introduced mutations and to
exclude unintended nucleotide changes, the mutant pBIsrcptSK-YFVogys 1061
derivatives were digested with Sfil and Xbal, and the 492-bp DNA fragments
containing the mutated SL-E or PSK3 sequences were cloned into pACNR-
FLYF17Da (37).

A 194-bp HindIII-Xbal fragment encompassing the region between nucleo-
tides (nt) 10,520 and 10,714 in the 3’ UTR of YFV was isolated from
pHYF5'3'TVARS (7) and cloned into pBluescript SK(—). The resulting plasmid,
pBIlscrptSK-YFV o550 10714, Was used as a template to generate a minus-strand
YFV RNA fragment for use as a probe in RNase protection assays.

Plasmid pSinrep5-YFV 53110611 Was constructed by inserting a linker encom-
passing nt 10,531 to 10,611 of YFV flanked by an Mlul and Sphl adapter into
Mlul- and Sphl-digested pSinrep5eGFP. The pSINrep5-YFV/ 55110662 F€COM-
binant was constructed by PCR. Plasmid pBlsrcptSK-YFVogys_10861 Was used as
a template with oligonucleotides that contained either an Mlul site (forward
primer) or an Sphl site (reverse primer). The resulting PCR product was cloned
into Mlul- and SphlI-digested pSinrep5-eGFP (6).

Plasmid DNAs of the pACNR-FLYF17Da mutants and recombinant pSinrep5
were linearized with AflIT and Xhol, respectively, and used for in vitro RNA
transcription (52).

XRN1 RNaA silencing. Stocks of lentivirus particles, each expressing a short
hairpin RNA (shRNA) (TRCN-049675, TRCN-049676, or TRCN-049677)
against the human XRN1 gene (GenBank accession no. NM_019001.3), and a
lentivirus expressing the scrambled shRNA SHC-002 were prepared from the
MISSIONTRC-Hs1.0 library (Sigma) according to the manufacturer’s recom-
mendations. The particle titers of the lentivirus stocks were determined using a
p24 enzyme-linked immunosorbent assay (ELISA) (Zeptometrix).

To analyze the effect of XRNT1 silencing on YFV sfRNA production, 5 X 10°
SW13 cells were transduced with a combination of two different lentiviruses
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expressing one of the shRNAs specified above at a multiplicity of infection
(MOI) of 5 (each) or with the SHC-002-expressing virus at an MOI of 10. At 72 h
posttransduction, the cells were infected with YFV-17D at an MOI of 5, and 30 h
later, the cells were lysed (16) and analyzed for the expression of the host XRN1
protein and actin by Western blotting (28) after PAGE on 5 and 10% gels,
respectively. Antibodies directed against human XRN1 (Bethyl Laboratories)
and actin (Santa Cruz) were used at dilutions of 1:5,000 and 1:2,000, respectively.
Viral sfRNA production was analyzed by Northern blotting as described below.

In vitro XRN1 assay. Plasmid pYF-R.luc2A-RP (25) was linearized with Xhol
and used as a template for in vitro transcription of YFV replicon RNA in the
absence of a cap analogue. To remove the 5'-triphosphate, 7 pg of transcript was
incubated with tobacco acid pyrophosphatase (TAP; Epicentre) as specified by
the manufacturer. The TAP-treated RNA was purified by phenol-chloroform
extraction and ethanol precipitation. The pellet was dissolved in 16 wl H,O and
used for digestion with XRN1 (Terminator 5’-phosphate-dependent exonucle-
ase; Epicentre) under the conditions described by the manufacturer. The units of
XRNT1 are indicated in the relevant figure.

RNA transfection and analysis of viral RNA synthesis. BHK-21J cells were
transfected with 5 pg of full-length YFV-17D or Sinrep5 transcript as described
previously (52). In general, 2.5 ml (approximately 1.5 X 10° cells) of the trans-
fected BHK-21J cell suspension was seeded in a 35-mm plate. Total RNA was
isolated from the transfected cells at 8 h postelectroporation (p.e.) for the
recombinant Sinrep5-transfected cells and at 24 h p.e. for the YFV-transfected
cells. Analysis of RNA synthesis by [*H]uridine labeling was performed as de-
scribed previously (7). Trizol (Invitrogen) was used for cell lysis and subsequent
RNA purification. [*H]uridine-labeled RNAs were denatured with glyoxal and
analyzed in 0.8% agarose gels (48).

For Northern blotting, samples containing 10 pg of total RNA from electro-
porated cells or in vitro-transcribed XRN1-treated RNA mixed with 5 pg total
RNA from BHK cells were denatured using formaldehyde, separated in a form-
aldehyde-containing 1.5% agarose gel, and blotted onto a Hybond-N* mem-
brane (GE Healthcare) (48). The blots were hybridized with 3?P-labeled oligo-
nucleotides as described previously (34, 57), except for the analysis of sSfRNA
production in the XRNT1 silencing experiments, in which case randomly primed,
[a-*?P]dATP-labeled ¢cDNA fragments directed against the YFV 3’ UTR (nt
10,555 to 10,862) and the human glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene (GenBank accession no. NM_00246; nt 321 to 724) were used as
probes in 5X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and 50%
formamide at 42°C (34).

Virus stocks, infections, and plaque assays. Medium was harvested from
transfected cells to obtain virus stocks when a complete cytopathic effect (CPE)
was observed. YFV-17D infections and plaque assays were performed essentially
as described before (52), except for the agarose in the overlay, which was
replaced by 1.2% Avicel (33).

Primer extension assay. Primer extension analysis was performed as described
by Sambrook et al. (48), with minor modifications. Total RNA (5 to 7 pg) from
YFV or recombinant Sinrep5 RNA-transfected cells or XRNI-treated pYF-
R.luc2A-RP transcript was annealed to *?P-labeled oligonucleotide 1632 or 1648.
Oligonucleotide 1632 is complementary to YFV nt 10,690 to 10,708, and oligo-
nucleotide 1648 is complementary to YFV nt 10,580 to 10,598. After hybridiza-
tion and subsequent ethanol precipitations, primer extension reactions were
performed using 200 U of RevertAid H Minus Moloney murine leukemia virus
reverse transcriptase (Fermentas) as described by the manufacturer. After 1 h of
incubation at 42°C, the samples were treated with RNase A (10 pg/pl; Qiagen)
and purified by phenol-chloroform extraction and ethanol precipitation. The
primer extension products were analyzed in a denaturing 5% polyacryl-
amide-8 M urea sequencing gel. A 33P-labeled Cycle Reader (Fermentas)
sequence reaction mix using oligonucleotide 1632- or 1648-primed
pBIsreptSK-YFVog,s_10861 @s a template was run in the same gel as the primer
extension products and served as a size and sequence marker.

RNase protection assay. pBIscrptSK-YFV 520 10714 Was linearized using
HindIII, purified by phenol-chloroform extraction, and used as a template for T7
RNA polymerase-mediated in vitro transcription to yield a 229-nt probe that
contains 34 nt derived from the vector and 195 nt that are complementary to
YFV nt 10,520 to 10,714. The RNA probe was purified from a 6% polyacryl-
amide gel and hybridized overnight at 42°C to 10 pg of total RNA from mock-
or YFV-infected BHK cells, using the solutions and protocols supplied with an
RPAIII RNase protection assay kit (Ambion). As a positive control, 10 ng of a
positive-strand T7 RNA polymerase transcript containing the 3’ 1 kb of the YFV
genome was mixed with 10 pg of total BHK cell RNA and treated similarly to the
samples containing the YFV- or mock-infected total BHK cell RNA. After
hybridization, the samples were treated with RNase A/T1, ethanol precipitated,
and subsequently analyzed in a 6% denaturing sequencing gel. A sequence
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reaction mix that served as a size marker was run in parallel with the samples in
the RNase protection assay.

RNA structure determination by selective 2’'-hydroxyl acylation and primer
extension (SHAPE) probing. A DNA template containing a T7 RNA polymerase
promoter fused to the 3'-terminal 342 nt of YFV was generated by PCR, using
Pfu DNA polymerase (Fermentas) as described by the manufacturer. The tem-
plate was digested with EcoRI and HindIII and cloned into pUC9. After linear-
ization with Xbal, the plasmid was used for in vitro RNA transcription (T7
MEGAscript kit; Ambion) to obtain a YFV RNA fragment of 188 nt (YFV nt
10,520 to 10,708) for probing of the RNA structure in the region encompassing
the predicted RNA pseudoknot (41). RNA was purified as described by the
manufacturer (Ambion), and the yield was determined by spectrophotometry.

Probing was performed essentially as previously described (36). Briefly, RNA
(20 pmol) in 6 ul H,O was heated at 95°C for 3 min, cooled down on ice, and
subsequently incubated with 3 pl folding buffer at 37°C. After 25 min of incu-
bation, 1 pl of 65 mM N-methylisatoic anhydride (NMIA; Sigma) in anhydrous
dimethyl sulfoxide (DMSO) was added to the RNA and allowed to react for 60
min at 35°C. The control reaction mixture contained 1 pl of anhydrous DMSO
and no NMIA. To determine the NMIA-induced modifications in the 188-bp
YFV transcript, 4 pmol (2 pl) of the NMIA-treated RNA was annealed to 10 pM
32p_labeled oligonucleotide 1632 and used for primer extension without any
further purification.

RESULTS

Small virus-specific RNAs can be detected in YFV-infected
mammalian and insect cells. Recent work (44) demonstrated
that cells infected with arthropod-borne flaviviruses produce a
small, virus-specific RNA derived from the 3" UTR. To analyze
whether the YFV sfRNA is also produced in infected cells
other than BHK-21 cells (44), the mammalian cell lines Vero
E6 and SW13 and the mosquito cell line C6/36 were infected
with YFV-17D. At 30 h postinfection (p.i.) (mammalian cell
lines) or 36 h p.i. (insect cell line), total RNAs were isolated
and analyzed by Northern blotting for YFV sfRNA produc-
tion, using *?P-labeled oligonucleotide 1632, complementary
to nt 10,690 to 10,708 in the YFV 3" UTR, as a probe. Apart
from the YFV genomic RNA, three smaller YFV-specific
RNAs were detected in the infected mammalian cells (Fig. 1).
Using in vitro RNA transcripts of various lengths as size mark-
ers (data not shown), these RNAs were estimated to be 630 nt
(RNA A), 330 nt (RNA B), and 235 nt (RNA C) in length.
Based on their estimated sizes and assuming that the RNAs
were colinear with the 3’ end of the genome, the 5’ end of
RNA A would be located within the carboxy-terminal coding
region of NS5, whereas the 5" ends of RNAs B and C would be
in the 3" UTR. RNA B was the most abundant of these RNAs,
and the concentrations of RNA A and RNA C varied depend-
ing on the cell line studied. Hardly any RNA A was detected in
the infected BHK cells, in which RNA C was relatively abun-
dant, whereas the reverse was true for SW13 cells (Fig. 1, lanes
1 and 3). Surprisingly, RNA B was the only small YFV-related
RNA detected in the mosquito cells (C6/36 cells) (Fig. 1). Of
the three RNAs detected in the analyzed mammalian cell lines,
RNA B appeared to be similar to the recently described YFV
sfRNA (44). To keep in line with the nomenclature used in
previously published work, RNA B was named sfRNA1. The
slightly smaller RNA C was named sfRNA2, which does not
imply that this sSfRNA is similar to WNV sfRNA2, which can
be detected only when the XRN1 stalling site for WNV
sfRNAL is deleted (44).

YFV sfRNA1 and sfRNA2 have identical 5’ ends. Oligonu-
cleotide 1632 (Fig. 2A), which was expected to bind to both
sfRNA1 and sfRNA2, was used for primer extension analysis
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FIG. 1. YFV-17D sfRNA production in mammalian and insect cell
lines. The mammalian cell lines BHK-21J, Vero E6, and SW13 and the
mosquito cell line C6/36 were infected with YFV-17D at an MOI of 10.
At 30 h (mammalian cell lines) or 36 h (mosquito cell line) p.i., total
RNA was isolated and analyzed by Northern blotting for the produc-
tion of YFV-17D sfRNA. Lane M, total RNA isolated from mock-
infected BHK-21J cells. Oligonucleotide 1632, complementary to nt
10,690 to 10,708 of the YFV 3’ UTR, was used as a probe. Size
markers are indicated on the left. Bands corresponding to the YFV-
17D genome and to three small viral RNAs (A, B, and C) are indicated
by arrows. RNA B and RNA C are referred to as sfRNAI and
sfRNA2, respectively.

of total RNA isolated from YFV-infected or mock-infected
BHK cells. As an additional control, a reaction was performed
with a sample containing total RNA of uninfected cells
mixed with 1 pg of full-length YFV genome transcript to
detect products that resulted from strong stops of the re-
verse transcriptase on the YFV genome. As shown in Fig.
2B, lane 1, primer extension of oligonucleotide 1632 on total
RNA of YFV-infected cells yielded a product that was not
present in the RNA of uninfected cells (Fig. 2B, lane 2) or in
the sample containing the full-length YFV transcript (Fig. 2B,
lane 3). Two primer extension products were observed that
differed in size by only one nucleotide. The 5’ ends of these
primer extension products were mapped to the A residues at
positions 10,532 and 10,533 by use of an oligonucleotide 1632-
primed sequence reaction with pBluescript-YF Vg5 10561 @S @
size marker. Based on these results, the length of the YFV
sfRNA is 329 or 330 nt, which is in agreement with the size
estimate for sfRNA1 based on the Northern blots. The result
of the primer extension analysis was verified using an RNase
protection assay with a gel-purified, *?P-labeled probe that is
complementary to 34 nt of the vector and to YFV nt 10,520 to
10,714. This probe has extra YFV nucleotides at the 3’ end
relative to the predicted 5" end of the sfRNA to discriminate
between YFV genome and sfRNA protected fragments. As
shown in Fig. 2C, some large YFV genome-derived bands were
detected in both total RNA of YFV-infected cells and the
control sample (Fig. 2C, lanes 2 and 4, respectively). In addi-
tion, the probe protected a unique 181- or 182-nt fragment in
the total RNA of YFV-infected BHK cells (Fig. 2C, lane 2).
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FIG. 2. Determining the 5’ end of the YFV 3’ UTR-specific sfRNAs produced in BHK-21J cells. (A) Schematic diagram of the predicted
secondary structure of the YFV 3" UTR (41). (B) Primer extension analysis using oligonucleotide 1632, which is complementary to YFV nt 10,690
to 10,708 (see panel A). pBluescript-YFV 345 10561, containing the COOH-terminal part of the YFV NS5 gene and the complete 3' UTR, was
sequenced with oligonucleotide 1632 to obtain a sequencing ladder for determination of the 5’ end of the sfRNAs. Lanes 1 and 2, primer extension
on total RNAs isolated from YFV-infected and uninfected BHK-21J cells, respectively; lane 3, primer extension on a full-length in vitro YFV
transcript mixed with total RNA from uninfected BHK-21J cells. The underlined T residues of the depicted sequence correspond to the 5" ends
of the primer extension products and map the 5’ ends of the YFV sfRNAs to the A residues at positions 10,532 and 10,533 of the YFV genome.
(C) RNase protection assay using a 229-nt antisense RNA probe encompassing nt 10,520 to 10,714 of the YFV-17D 3’ UTR. Lane 1, **P-labeled
RNA transcript used as the probe; lane 2, RNA fragments that were protected from RNase digestion after hybridization of the probe to total RNA
isolated from YFV-17D-infected cells; lane 3, RNase protection assay on total RNA of mock-infected cells; lane 4, protected RNA fragments
obtained when pBluescript-YFVg g45 10561 transcripts mixed with total RNA from mock-infected BHK-21J cells were analyzed. Bands corre-
sponding to the protected fragments derived from either the YFV-17D genome or the sfRNA are indicated. pBluescript-YFVg g45 19861 Was
sequenced with oligonucleotide 1632 to obtain a marker to determine the sizes of the protected RNA fragments.

The size of the protected RNA fragment agreed with that only sfRNA1 (Fig. 3C). These results demonstrated that the
predicted based on the results of the primer extension analysis two YFV sfRNAs have a common 5’ end and that sSfRNA2 is
and confirmed that the 5" end of sfRNAL is at position 10,532 indeed truncated at the 3’ end.
or 10,533. YFV sfRNA is generated by the host enzyme XRNI1. As
The most surprising result of these assays was that only these recently shown, the host exoribonuclease XRNT1 hydrolyzes the
primer extension products and these RNase-resistant RNA WNYV genome in a 5’-3" direction until it is stalled by a cur-
fragments were detected, suggesting that sSfRNA1 and sfRNA2 rently unknown signal yielding the WNV sfRNA (44). To de-
have a common 5’ end and that the observed difference in size termine whether XRN1 was also involved in the production of
between the two RNAs was due to a truncation at the 3’ end the YFV sfRNAs, the effects of silencing of XRN1 expression
of sSfRNAZ2. To verify this hypothesis, total RNAs were isolated on sfRNA production in YFV-infected cells and the in vitro
from YFV-infected BHK-21, Vero E6, SW13, and C6/36 cells production of sfRNA by incubation of YFV transcripts with
and analyzed by Northern blotting, using oligonucleotides 1648 purified XRN1 were studied. The human-derived SW13 cell
and 1296 as probes. Oligonucleotide 1648 was complementary line was used in the XRN1 silencing experiments because the
to nt 10,580 to 10,597 of the YFV genome (Fig. 3A), near the nucleotide sequence of the human XRN1 gene is the only one
predicted 5’ end of the sfRNAs. Oligonucleotide 1296 should known among the cell lines that were analyzed for YFV sfRNA
bind to the 3’-terminal 32 nt of the YFV genome (Fig. 3A). As expression (Fig. 1). SW13 cells were transduced with lentivi-
shown in Fig. 3B, oligonucleotide 1648 hybridized to both ruses expressing ShRNA direct against the XRN1 transcript or
sfRNA1 and sfRNA2, whereas oligonucleotide 1296 detected a control shRNA, infected with YFV, and analyzed for XRN1
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FIG. 3. YFV sfRNAZ2 is truncated at the 3" end. (A) Scheme of the YFV 3’ UTR. The two possible orientations of the sSfRNAs relative to the
YFV 3" UTR are depicted. The positions of oligonucleotides 1648 and 1296, used to determine the orientations of the sSfRNAs, are indicated. Total
RNAs were isolated from the indicated YFV-infected cell lines or from mock-infected BHK-21J cells and subsequently analyzed by Northern
blotting. (B) Northern blot analysis using oligonucleotide 1648, complementary to YFV-17D nt 10,580 to 10,598. (C) Northern blot analysis using

oligonucleotide 1296, complementary to YFV-17D nt 10,830 to 10,862.

expression and YFV sfRNA production by Western and
Northern blotting. Expression of each combination of two of
the three shRNAs, TRCN-049675, TRCN-049676, and TRCN-
049677, in SW13 cells resulted in significantly less production
of XRNI1 (Fig. 4A, lanes 2, 3, and 4) than that in cells trans-
duced with a similar lentiviral vector expressing a scrambled
shRNA (Fig. 4A, lane 1). The silencing of XRN1 expression by
the indicated shRNAs was likely specific, since no effect on the
expression of actin was observed in these cell lysates (Fig. 4A,
bottom panel). As shown by the Northern blot analysis, silenc-
ing of XRN1 decreased the production of YFV sfRNA by
approximately 90% for all three combinations of shRNAs
tested compared to that in cells transduced with a lentivirus
expressing a scrambled shRNA (Fig. 4B). The signals for the
host cell GAPDH gene were similar in all these lysates, indi-
cating that the observed differences in sSfRNA production were
not due to significant experimental error. Visual inspection of
the cells expressing the shRNAs directed against XRNT1 indi-
cated that silencing affected the homeostasis of the cells. This
might explain why the hybridization signal for the YFV ge-
nome was also somewhat weaker than that in cells transfected
with the scrambled shRNA (Fig. 4B).

To determine whether purified XRN1 was able to produce
YFV sfRNA in vitro, linearized pYF-R.luc2A-RP (25) was
used as a template for the production of an uncapped YFV
transcript. After treatment with TAP to remove the XRN1-
blocking 5'-triphosphate, this RNA was incubated with 0.1 or
1 unit of XRN1 and analyzed by Northern blot analysis for
sfRNA production. Incubation of YF-R.luc2A-RP RNA with
XRNI resulted in the production of a small YFV-specific RNA
that comigrated with the sfRNA1 produced in YFV-infected

BHK-211J cells (Fig. 5A). Primer extension analysis was per-
formed to provide additional evidence that this small RNA
produced in vitro truly reflected the YFV sfRNA. As shown
in Fig. 5B, primer extension using oligonucleotide 1632 re-
sulted in similarly sized products for both XRNI-treated
YF-R.luc2A-RP RNA transcript and total RNA from YFV-
infected BHK cells. The fact that the smaller sfRNA2 was
readily detectable in YFV-infected BHK-21J cells and not in
the in vitro XRN1 assays is in line with our previous findings
that sfRNA1 and sSfRNA2 have a common 5’ end and suggests
that additional RNA processing is required to yield sfRNA2.

From the results obtained with the RNA silencing experi-
ments and the in vitro YFV sfRNA production by purified
XRN1, it was concluded that similar to the case for WNV, the
host RNase XRN1 is responsible for the production of YFV
sfRNAs.

An RNA pseudoknot in the YFV 3’ UTR is required for
production of sfRNAs. Compared to the predicted RNA struc-
ture of the YFV 3" UTR (41), the 5’ end of sfRNAI and
sfRNA2 is located just a few nucleotides upstream of SL-E
(Fig. 2A), which is part of an RNA pseudoknot. To determine
whether the predicted RNA structures that form this pseudoknot
(PSK3) are required for YFV sfRNA production, site-directed
mutagenesis was used to construct pACNR-FLYF-17DASL-E,
which lacked nt 10,537 to 10,596 (which form SL-E) and was
therefore unable to form PSK3. In vitro-transcribed RNA of
Aflll-linearized pACNR-FLYF-17DASL-E was electroporated
into BHK-21J cells that were subsequently analyzed for viral
RNA replication by [*H]uridine labeling and for sSfRNA syn-
thesis by Northern blotting. Despite the relatively minor effects
on viral replication (Fig. 6A), no YFV sfRNA could be de-
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FIG. 4. shRNA-mediated XRNI1 silencing decreases YFV sfRNA
production. SW13 cells were transduced with an shRNA-expressing
lentivirus from the MISSIONTRC-Hs1.0 library (Sigma) and then
infected with YFV-17D as described in Materials and Methods. Len-
tiviruses expressed the following shRNAs: lane 1, scrambled shRNA
(SHC-002); lane 2, shRNAs TRCN-049675 and TRCN-049676; lane 3,
shRNAs TRCN-049675 and TRCN-049677; and lane 4, shRNAs
TRCN-049676 and TRCN-049677. (A) XRN1 and actin expression in
Western blots. Rel. %, percentage of XRN1 expression in cells trans-
duced with shRNAs against XRN1 compared to that in cells expressing
the scrambled shRNA. (B) YFV sfRNA production and GAPDH
mRNA expression by Northern analysis. Rel. %, expression of YFV
sfRNA in cells transduced with shRNAs against XRN1 compared to
that in cells expressing the scrambled shRNA.

tected in the cells transfected with YFV-ASL-E RNA (Fig.
6B). To demonstrate that the lack of sSfRNA production in the
cells transfected with YFV-ASL-E RNA was due to disruption
of the XRNI1 stalling site, transcripts of this mutant were in-
cubated in vitro with purified XRN1. As shown in Fig. 6C,
XRN1 was not stalled when SL-E was deleted and therefore no
sfRNA was produced. These in vitro and in vivo results to-
gether demonstrate that SL-E encompasses RNA structures
and/or sequences that are essential for stalling XRN1 and
therefore for YFV sfRNA production. The YFV-ASL-E mu-
tant virus was delayed in inducing CPE in BHK cells. It also
showed a slight delay in initial virus production but reached a
similar maximum titer to that of the parental virus (Fig. 6D).

Two sets of additional mutants were constructed to dissect
the role of SL-E in YFV sfRNA synthesis in more detail. The
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FIG. 5. Invitro production of YFV-17D sfRNAs by the host exori-
bonuclease XRN1. TAP-treated in vitro RNA transcripts of YF-
R.Iuc2A-RP were incubated with the indicated units of XRN1 and
analyzed by hybridization after denaturing gel electrophoresis (A) and
primer extension (B), using oligonucleotide 1632, complementary to
YFV-17D nt 10,690 to 10,708, as a probe and primer, respectively.
RNAs isolated from mock (M)- and/or YFV-infected BHK-21J cells
were used as controls in both experiments.

first set of mutants focused on the role of the top stem struc-
ture of SL-E (referred to as e2) (41). In mutant YFV-e2AA,
the right arm of the stem (5'-GCAGU-3’; YFV nt 10,583 to
10,587) was replaced by the sequence of the left part of the
stem (5'-ACUGC-3") (Fig. 7A). Due to these mutations, the
formation of SL-E e2 was expected to be disrupted. YFV-
e2BB was the opposite of the YFV-e2AA mutant. In this
mutant, the left part of the e2 stem (5'-ACUGC-3"; YFV nt
10,567 to 10,571) was replaced by the nucleotide sequence of
the right arm of SL-E e2 (5'-GCAGU-3") (Fig. 7A). In the
YFV-e2BA mutant, the possibility to form stem e2 was re-
stored by switching the parental YFV-17D original sequences
of the left and right arms of the stem. BHK-21J cells were
electroporated with in vitro-transcribed RNAs of the parental
YFV-17D strain and the YFV-e2 stem mutants. Cells were
analyzed for genome RNA synthesis by [*H]uridine labeling
and for sfRNA production by Northern blotting with oligonu-
cleotide 1632. As shown in Fig. 7B, all three YFV-e2 mutants
were able to synthesize viral genomic RNA efficiently. Strik-
ingly, neither YFV-e2AA nor YFV-e2BB was able to produce
detectable amounts of sSfRNA (Fig. 7C). Restoring the possi-
bility to form stem e2, as in YFV-e2BA, also restored the
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FIG. 6. Stem-loop structure SL-E in the YFV 3" UTR is required
for the production of sSfRNA. (A) Viral RNA synthesis in BHK-21J
cells transfected with in vitro-transcribed genome-length RNAs of
YFV-17D and YFV-ASL-E. Transfected cells were labeled with
[*H]uridine from 18 to 24 h posttransfection. Total RNAs were
isolated and analyzed after denaturation by agarose gel electro-
phoresis, as described in Materials and Methods. (B) sfRNA pro-
duction in BHK-21J cells transfected with YFV-17D and YFV-
ASL-E transcripts. Total RNAs were isolated at 24 h posttransfection
and analyzed by Northern blotting and hybridization with oligonucle-
otide 1632 (complementary to YFV-17D nt 10,690 to 10,708). The
sfRNAs are indicated by arrows. (C) In vitro RNA transcripts of YFV-
17D and YFV-ASL-E were incubated in the presence or absence of 1
unit of XRNT1 and analyzed for the production of sSfRNA by Northern
blotting, using oligonucleotide 1632 as a probe. The sfRNA is indicated
by an arrow. (D) Viral growth kinetics of YFV-17D and the YFV-ASL-E
mutant. BHK-21J cells were infected at an MOI of 5, and the medium of
the infected cells was sampled at the indicated times postinfection. Titers
were determined by plaque assays on BHK-21J cells.

production of YFV sfRNA. Although in comparison to YFV-
17D YFV-e2BA produced less sfRNA, both viruses induced
CPE in the cells about 48 h after electroporation, whereas
YFV-e2AA and YFV-e2BB were clearly delayed in CPE in-
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FIG. 7. YFV-17D RNA pseudoknot 3 is required for sfRNA
production. (A) Schematic diagram of the YFV 3’ UTR SL-E
structure. The primary sequences involved in stem-loop e2 (se-
quences A and B) and in the pseudoknot interaction (sequences
pk3’ and pk3) are depicted. (B and D) Viral RNA synthesis in
BHK-21J cells transfected with in vitro-transcribed genomic RNAs
of YFV-17D and YFV mutant viruses (at SL-E e2 [B] and at PSK3
[D]). Transfected cells were labeled with [*H]uridine from 18 to
24 h posttransfection. Total RNAs were isolated and analyzed after
denaturation by agarose gel electrophoresis, as described in Mate-
rials and Methods. YFV(AB) and YFV(pk3'3) indicate wild-type
YFV-17D for these different groups of mutants. (C and E) North-
ern blot analysis of RNAs isolated from BHK cells 30 h after
transfection with YFV-17D and YFV mutant viruses (at SL-E e2
[C] and at PSK3 [E]). Oligonucleotide 1632 (complementary to
YFV-17D nt 10,690 to 10,708) was used as a probe. In panel E, the
dotted line separates the wild-type YFV-17D and mock lanes from
the same Northern blot at a higher exposure.
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duction compared to the parental virus. The kinetics of virus
production in BHK-21 cells were similar to that shown for
YFV-ASL-E (e.g., YFV-e2AA) or closer to that for the paren-
tal virus (data not shown). The fact that the YFV sfRNAs were
produced in cells infected with YFV-e2BA indicated that the
SL-E structure was more important than the primary sequence
for producing the sfRNA.

SL-E is predicted to be part of a more complex RNA
structure in which the sequence 5'-GCUGU-3’ (pk3’; YFV
nt 10,575 to 10,579) in the top loop of e2 is predicted to base
pair with the sequence 3'-CGACA-5" (pk3; YFV nt 10,598 to
10,602) immediately downstream of SL-E, forming an RNA
pseudoknot (PSK3) (Fig. 7A) (41). A second set of YFV mu-
tants was constructed to determine whether the pk3’-pk3 in-
teraction is important for YFV sfRNA production. In YFV-
pk3'pk3’ and YFV-pk3pk3, the downstream pk3 sequence or
the upstream pk3’ sequence was replaced by the complemen-
tary sequence. For both of these mutants, PSK3 formation was
expected to be disrupted. In YFV-pk3pk3’, the possibility to
form PSK3 was restored, albeit with the positions of the pk3’
and pk3 sequences reversed in comparison to those in YFV-
17D. [*H]uridine labeling of BHK cells transfected with in
vitro-transcribed full-length RNAs of these mutants demon-
strated that they replicated quite efficiently (Fig. 7D). More
importantly, no sfRNA could be detected in cells trans-
fected with YFV-pk3'pk3’ or YFV-pk3pk3, whereas YFV
sfRNA could be detected in cells electroporated with the
YFV-pk3pk3" mutant, in which the ability to form PSK3 was
restored (Fig. 7E). However, the amount of sfRNA produced
by YFV-pk3pk3’ was far less than that observed for the pa-
rental YFV-17D strain and required contrast enhancement of
the phosphorimager data, which changed only the view of the
data, not the data themselves. All three pk3-pk3’ mutant vi-
ruses showed a significant delay in the onset of CPE in BHK
cells compared to YFV-17D. The kinetics of virus production
in BHK-21 cells were similar to that for YFV-17D, except for
YFV-pk3'pk3’, whose kinetics was like that of YFV-ASL-E
(data not shown).

The combined results of the mutagenesis of the SL-E e2
stem and the pk3'-pk3 sequences strongly suggest that the
predicted H-type RNA pseudoknot PSK3 is required to stall
XRNI, resulting in the production of YFV sfRNA.

Insertion of the PSK3 sequence into a heterologous RNA
results in production of an sfRNA-like RNA. The fact that the
base pairings in SL-E stem e2 and between pk3’ and pk3 are
important determinants of YFV sfRNA synthesis did not ex-
clude the possibility that this region is part of a more complex
RNA structure, including additional elements downstream of
PSK3. To address this possibility, a synthetic Mlul-SphI DNA
mimicking YFV nt 10,521 to 10,662 and YFV nt 10,531 to
10,611 was inserted into a Sinrep5 vector (6) that contained
an enhanced green fluorescent protein (GFP) gene just up-
stream of the insertion site (Fig. 8A). This resulted in two
constructs: pSinrep5-eGFP-YFV ( 55,_10,662, €ncoding the
SL-E to SL-C fragment of the YFV 3" UTR; and pSinrep5-
eGFP-YFV (531 10,611, €ncoding the YFV SL-E/PSK3 region.
The GFP gene allowed for easy determination of the transfec-
tion efficiency and for discrimination between the Sindbis virus
subgenomic RNA and a potentially produced sfRNA-like
RNA. BHK-21J cells were transfected with in vitro-tran-
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scribed RNAs of the Sinrep5-eGFP and Sinrep5-eGFP-YFV
mutants. RNAs were isolated at 8 h p.e. and analyzed for
sfRNA-like RNA production by Northern blotting and hybrid-
ization, with two oligonucleotides as probes. Probe 1674 was
complementary to nt 7,601 to 7,625 of Sindbis virus and was
expected to hybridize to both the Sinrep5 genomic and sub-
genomic mRNAs, whereas probe 1648, which was complemen-
tary to YFV SL-E (nt 10,580 to 10,597), was expected to hybridize
not only to Sinrep5 mRNAs but also to any sfRNA-like RNA
produced in the transfected cells. As shown in Fig. 8B, hybridiza-
tion of total RNA of the transfected cells with oligonucleotide
1674 demonstrated that Sinrep5-eGFP and both Sinrep5-eGFP-
YFEV 052110622 and pSinrep5-eGFP-YFV 53,1611 Teplicated
efficiently and produced a subgenomic mRNA of the expected
size in the transfected BHK cells. In addition to the recom-
binant Sinrep5 genomic and subgenomic mRNAs, hybrid-
ization with oligonucleotide 1648 revealed the production of
an additional small RNA that was unique for the cells trans-
fected with Sinrep5-eGFP-YFV 55, 109,662 and pSinrep5-
eGFP-YFV (531 10,611 (Fig. 8B, lanes 6 and 7). The size of
this RNA was in agreement with what was expected for the
production of an sfRNA-like RNA in pSinrep5-eGFP upon in-
sertion of the YFV sequences. Primer extension of total RNAs
from cells transfected with Sinrep5-eGFP-YFV 55 10662 and
pSinrep5-eGFP-YFV  531_10.611 (Fig. 8C) showed that the 5’
end of the sfRNA-like RNA produced in these transfected
cells was similar to that of the sfRNA produced in YFV-
infected cells. Taken together, these results clearly demon-
strate that YFV nt 10,531 to 10,611, containing the region that
allows the formation of PSK3, are sufficient to stall XRN1.
Furthermore, these results also indicate that RNA structures
downstream of PSK3 are not required for the production of
sfRNA.

Chemical RNA probing provides evidence of the formation
of PSK3. To obtain additional evidence to support the forma-
tion of PSK3, in vitro structure probing by SHAPE with NMIA
(36) was performed on an in vitro-synthesized RNA template
containing YFV 3’ UTR nt 10,520 to 10,708, encompassing
PSK3. As shown in Fig. 9B, chemical probing of this region of
the wild-type YFV-17D genome essentially confirmed the pre-
viously predicted RNA structure model (41). Apart from the
nucleotides predicted to form the top loop of the side stem
SL-E e3 (Fig. 9A), most of the other nucleotides did not react
with NMIA, indicating that they were in a double-stranded
conformation. This observation also includes the nucleotides
of the pk3’ and pk3 sequences (Fig. 9B). The lack of reactivity
to NMIA of these particular sequences was in agreement with
the prediction that these complementary sequences could base
pair to form the PSK3 pseudoknot.

The mutants that should have disrupted (YFV-pk3'pk3’ and
YFV-pk3pk3) or restored (YFV-pk3pk3’) PSK3 formation
were also subjected to RNA structure probing. The NMIA
reactivity patterns of these mutant RNAs showed that the
overall SL-E structure was maintained but that especially the
pk3’ sequence, and to a somewhat lesser extent the pk3 se-
quence, were now susceptible to modification by NMIA (Fig.
9B), indicating that these sequences were no longer base pair-
ing to form PSK3. Surprisingly, a similar result was also ob-
tained for the putatively restored YFV-pk3pk3’ mutant RNA,
indicating that despite the nucleotide complementarity be-
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FIG. 8. Insertion of sequences required for the formation of PSK3 is sufficient to produce an sfRNA-like RNA in the context of a Sindbis virus
replicon. (A) Scheme of the characteristics of the pSinrep5 vector and the predicted structures of the YFV-17D regions that were inserted into
the vector. The YFV 3" UTR nucleotides cloned into pSinRep5-eGFP are indicated in the name of each construct. The promoter for the enhanced
GFP (eGFP)-expressing subgenomic Sinrep mRNA and the binding sites for oligonucleotides 1674 and 1648 are indicated. (B) Northern blot
analysis of RNAs isolated from BHK-21J cells at 8 h p.e. with Sinrep5-eGFP (lanes 1 and 5), Sinrep5-eGFPYFV (55110 662 (lanes 2 and 6), and
Sinrep5-eGFPYFV 53119611 (lanes 3 and 7) RNAs; lanes 4 and 8 correspond to uninfected BHK-21J cells. Oligonucleotide 1674 and oligonu-
cleotide 1648 were used as probes, as specified in the figure. The Sindbis virus genomic (gRNA) and subgenomic (sgRNA) RNAs and the
sfRNA-like RNAs are indicated. (C) Primer extension analysis with oligonucleotide 1648 to determine the 5’ end of the sfRNA-like RNAs
produced with the Sinrep5 mutants. pBluescript-YFVg 45 10561 Was sequenced with oligonucleotide 1648 to obtain a sequencing ladder. RNAs
isolated from BHK-21J cells transfected with YFV-17D (lane 1), Sinrep5-eGFPYFV 551 10,662 (lane 2), and Sinrep5-eGFPYFV 53,4611 (lane

3) were analyzed; lane 4 corresponds to mock-transfected cells.

tween the pk3 and pk3’ sequences, the formation of PSK3 was
not restored in this mutant.

Nonetheless, the structural probing data obtained with the
RNA fragment encompassing YFV-17D nt 10,520 to 10,708
provided strong support for the previously proposed structural
model (41).

DISCUSSION

The generally accepted concept that the viral genome, which
also serves as the viral mRNA, and the genome-length, minus-
strand RNA are the only RNA species that can be detected in
cells infected with flaviviruses was recently challenged. Several
studies have now shown that in addition to these genome-
length viral RNAs, a small, positive-strand viral RNA (sfRNA)
is produced in cells infected with arthropod-borne flaviviruses
(29, 31, 44, 49, 56). Recently, the sfRNA was shown to be a
product of incomplete 5'-to-3" degradation of the viral genome
by the host exoribonuclease XRN1 and to serve as an impor-
tant determinant of viral pathogenicity (44). This study de-
scribes the production of sfRNA by XRNI1 in YFV-infected
cells and, more importantly, defines an RNA pseudoknot in

the viral 3" UTR as a prerequisite for stalling of XRNI1, re-
sulting in the production of the sfRNA.

Not one but two sfRNAs are detected in YFV-infected cells.
Another, larger YFV-specific RNA was also detected in in-
fected mammalian cell lines, especially in SW13 cells. This
RNA is likely an instable intermediate of 5'-to-3" XRN1-me-
diated decay of the viral genome. Silencing of XRN1 in YFV-
infected SW13 cells resulted in a significant decrease of YFV
sfRNAL1 as well as the larger YFV-specific RNA A. Digestion
of YFV genome transcripts with purified XRNI1 resulted in the
in vitro production of sSfRNA1, providing the ultimate proof for
the role of XRNI1 in YFV sfRNA production.

Mapping of the positions of sSfRNA1 and sfRNA2 in the 3’
UTR of the YFV genome revealed that sfRNA1 was colinear
with the distal part of the 3’ UTR. Both sfRNAs had the same
5" end, and the smaller size of sSfRNA2 was due to a truncation
at the 3’ end. sfRNA2 was never detected upon in vitro diges-
tion of YFV genome transcripts with purified XRN1. One
hypothesis that could explain this truncation is that sfRNA2 is
derived by XRN1 digestion of a YFV genomic RNA template
that is already truncated at the 3’ end. Alternatively, sSfRNA2
could be the result of additional processing by an exo- or
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FIG. 9. The predicted pseudoknot PSK3 at the wild-type YFV 3" UTR is genuine. (A) Schematic diagram of the minimal YFV 3’ UTR region
(nt 10,531 to 10,611) required for stalling of XRN1. Sequences involved in the pseudoknot interaction are depicted. (B) In vitro structure probing
by SHAPE with wild-type YFV and the PSK3 mutants YFV-pk3'pk3’, YFV-pk3pk3, and YFV-pk3pk3'. After treatment with NMIA, which
preferentially reacts with bases in a single-stranded conformation, in vitro-synthesized RNA templates (YFV nt 10,520 to 10,708) were analyzed
by primer extension with oligonucleotide 1632 (complementary to YFV nt 10,690 to 10,708). Samples were treated with either 65 mM NMIA in
DMSO (+) or, as a control, DMSO only (—). The different substructures of SL-E and the pk3 and pk3’ sequences are indicated on the right relative
to their positions in the NMIA reactivity pattern. pBluescript-YFVq g5 10561 Was sequenced with oligonucleotide 1632 to obtain a sequencing

ladder.

endoribonuclease at the 3’ end of stRNA1. Currently, we have
no evidence to favor one of these hypotheses. Interestingly, it
has been shown that in insect cells the 5'-to-3" decay pathway
is the dominant route for overall RNA turnover (5), while in
mammalian cells the relative contributions of 5'-to-3" and 3’-
to-5" RNA degradation pathways to RNA turnover are still a
subject of debate (reviewed in reference 21). The fact that
sfRNA2 was not detected in infected mosquito cells thus sup-
ports the hypothesis that sSfRNA2 is the result of 3'-to-5" pro-
cessing.

Both the primer extension and RNase protection assays
mapped the 5 end of the YFV sfRNAs to nucleotide 10,532 or
10,533, which is just upstream of a predicted H-type RNA
pseudoknot (PSK3) (41) that includes SL-E. The inability of
XRN1 to produce an sfRNA both in vivo and in vitro when
SL-E was disrupted strongly indicates that this region contains
essential elements for the stalling of this host RNase. XRN1
can be blocked by elements such as strong secondary structures
or G-track sequences (15, 18, 38, 58). The YFV PSK3 region is
not particularly G rich but adopts a complex RNA structure.
So far, no experimental evidence supporting the formation of
PSK3 has been presented, nor has this structure been impli-
cated in any biologically relevant function. Our RNA structure
probing of the PSK3 region provided unequivocal evidence of
the presence of this RNA pseudoknot in the YFV 3" UTR.
Disruption of the SL-E structure resulted in viruses that rep-
licated with a similar efficiency to that of YFV-17D but did not
produce detectable amounts of sfRNA. Reconstituting the
SL-E structure in a YFV mutant, albeit with different base
pairs, resulted in sSfRNA production in cells infected with this
mutant. On the other hand, disrupting the predicted PSK3
resulted in mutant viruses that replicated efficiently but were
no longer able to produce sfRNA. Surprisingly, when the base

pairing possibility was restored (YFV-pk3pk3’), sfRNA pro-
duction was hardly detectable. These data are supported by the
probing results showing that although the overall SL-E struc-
ture was maintained in all PSK3 mutants, none of them showed
any significant base pairing of the nucleotides involved in the
equivalent of the parental pk3’-pk3 interaction. Although res-
toration of the pseudoknot was expected in the YFV-pk3pk3’
mutant, this seemed to occur in only a minor fraction of the
RNA molecules, which explains why they were not detected in
the probing experiments and why enhancement of the contrast
in the picture of the Northern blot was required. The experi-
ments using the Sinrep5 expression system demonstrated that
YFV nt 10,531 to 10,611, predicted to form PSK3, contain all
of the RNA sequences and structures that are needed to stall
XRNI1. In an attempt to restore PSK3 interaction and subse-
quent sfRNA production, an additional YFV mutant was con-
structed in which the pk3’ and pk3 sequences were replaced by
5'-CCCGC-3" and 5'-GCGGG-3' sequences, respectively, to
enhance the thermodynamic stability of this interaction. Al-
though this mutant was viable, it did not produce any sfRNA
(data not shown), and probing provided no evidence of a
pk3’-pk3 interaction (data not shown). Taken together, our
mutational analysis and probing results support the actual for-
mation of PSK3 in the 3" UTR of YFV but also indicate that
the formation of this pseudoknot is sequence dependent. For
many viral pseudoknots, the primary sequence is unimportant
for function, as long as the conformation and overall stability
of the structure are maintained (reviewed in reference 8).
Nonetheless, there are other pseudoknots in which subtle nu-
cleotide changes interfere with pseudoknot thermodynamic
stability and are deleterious for pseudoknot function (14, 40).
Examples of viruses in which the primary sequence proved to
be important for RNA pseudoknot stability and/or function
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include tobacco mosaic virus (27), beet western yellow virus
(55), severe acute respiratory syndrome (SARS) coronavirus
(4, 45), and Visna-Maedi virus (43). A similar situation can
also be envisioned for YFV, in which specific constraints to
sustain the overall stability/conformation of the higher-order
RNA structure of PSK3 can be fulfilled only by the wild-type
sequence. The fact that the pk3' and pk3 sequences are well
conserved among the different YFV strains (9, 39) supports
this idea. The observation that disruption of PSK3 allows
XRNT1 to degrade the viral genome completely implies that the
YFV genome has one unique stalling site for XRN1 within the
3" UTR. This observation differs from the case for KUNV, in
which more than one stalling site was found (44).

It was shown that KUNVs deficient in sfRNA production
are significantly more attenuated in cell culture and in mice
than viruses that produce the sfRNA, suggesting an important
role for the sfRNA in viral pathogenicity (44). A similar ob-
servation was made with our YFV mutants: viruses that were
unable to produce sfRNA were also unable to form plaques on
SW13 cells, despite the fact that they were able to replicate
efficiently in these cells (data not shown). Interestingly, it has
previously been hypothesized that there is a correlation be-
tween the structure of the YFV region predicted to form PSK3
and the degree of virulence exhibited by the virus (46). Al-
though these observations for KUNV and YFV may hint at a
function of the sfRNA, it is still unclear how sfRNA synthesis
relates to viral pathogenesis. It has been suggested that the
sfRNA could modulate the host antiviral responses by antag-
onizing or inactivating certain cellular RNA sensors (e.g.,
TLR3, RIG-I, and MDAS) or that it could act as a decoy for
cellular microRNAs (20). Since KUNV sfRNA was reported to
be generated by XRN1 in P bodies (44), and since these P
bodies contain, besides 5'-3" degradation components, pro-
teins involved in translational repression, mRNA surveillance,
and RNA-mediated gene silencing (reviewed in references 2,
19, 21, and 42), one could speculate that the sfRNA could
indeed be involved in a pathway linked to P bodies, such as
RNA-mediated gene silencing. However, a progressive de-
crease in the number of P bodies during the time course of
DENV-2 and WNV infections of BHK cells has been reported
(17). Alternatively, either free in the cytoplasm or associated
with cellular structures, the sSfRNA could also act as a decoy to
sequester a host protein(s) that would otherwise bind to the
genomic 3’ UTR and exert a negative effect on the virus.

Additional studies are needed to determine the kinetics of
sfRNA production, its subcellular localization, and potential
sfRNA-interacting host factors. Previous studies with flavivi-
ruses containing mutations or deletions in the genomic 3" UTR
region should be reevaluated in light of the potential effect of
such mutations on the production and function of the sfRNA.
For instance, deletions involving the SL-II region of DENV
(which is comparable to the YFV SL-E) that resulted in re-
stricted growth in cell culture, different plaque phenotypes,
and viral attenuation (1, 35) could be explained by the lack of
sfRNA production, illustrating the importance of the sfRNA in
viral pathogenesis.

From this study and those of others, it is obvious that a
simple deletion that disrupts the stalling site for XRN1 may be
used to construct attenuated flaviviruses that could be consid-
ered vaccine candidates. However, it remains to be established
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whether the reduced pathogenicity of sSfRNA-deficient viruses
interferes with the broad immune response that is required to
induce protection against wild-type virus infection or, even
worse, results in persistent infections after administration of
the vaccine.
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